Abstract The isolation and identification of unknown membrane proteins offers the prospect of discovering new pharmaceutical targets and identifying key biochemical receptors. However, interactions between membrane protein targets and soluble ligands are difficult to study in vitro due to the insolubility of membrane proteins in non-detergent systems. Nanodiscs, nanoscale discoidal lipid bilayers encircled by a membrane scaffold protein belt, have proven to be an effective platform to solubilize membrane proteins and have been used to study a wide variety of purified membrane proteins. This report details the incorporation of an unbiased population of membrane proteins from Escherichia coli membranes into Nanodiscs. This solubilized membrane protein library (SMPL) forms a soluble in vitro model of the membrane proteome. Since Nanodiscs contain isolated proteins or small complexes, the SMPL is an ideal platform for interactomics studies and pull-down assays of membrane proteins. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the protein population before and after formation of the Nanodisc library indicates that a large percentage of the proteins are incorporated into the library. Proteomic identification of several prominent bands demonstrates the successful incorporation of outer and inner membrane proteins into the Nanodisc library.
Introduction
Identification of membrane proteins receptors for soluble ligands has the potential to reveal new drug targets and to elucidate important biochemical interactions. However, isolating membrane protein targets is challenging due to the difficulty of solubilizing membrane proteins outside of the lipid bilayer without disrupting native interactions [1, 2] . In vivo studies, including yeast two-hybrid [3] and fluorescence resonance energy transfer, have been applied to mapping membrane protein interactions. However, these wholecell measurements suffer from high levels of false positives and false negatives, and they require genomic modification of proteins to introduce appropriate labels [4] . In vitro measurements are complicated by the need to solubilize membrane proteins using detergents, which can disrupt key protein-protein interactions and interfere with downstream analysis methods [1] .
Nanodiscs have proven to be an effective technology for solubilizing membrane proteins in detergent-free buffers [5] . Nanodiscs are nanoscale lipid bilayers encircled by two amphipathic membrane scaffold proteins (MSP) [6] . Previous studies have incorporated a range of proteins and complexes into Nanodiscs [7] [8] [9] [10] [11] . Typically, the protein of interest is purified and isolated prior to incorporation. Controlling the ratios of membrane proteins and MSP allows the assembly of membrane protein-Nanodisc complexes with defined stoichiometry [12, 13] . Civjan et al. demonstrated that a functional cytochrome P450 may also be incorporated directly from a solubilized membrane and can be purified post-incorporation [14] .
Nanodiscs have been used in previous proteomics applications as "bait" for isolating and identifying glycolipid and membrane protein interaction partners. Borch et al. assembled Nanodiscs with ganglioside GM1 [15] . Co-immunoprecipitation of the GM1 Nanodiscs with culture media from Escherichia coli isolated heat labile enterotoxin B. Another study assembled Nanodiscs with membrane transporters SecYEG and MalFGK, and each membrane protein-Nanodisc system was incubated with stable isotope-labeled cell culture extracts [16] . Soluble proteins interacting with the membrane protein bait in Nanodiscs were isolated, separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and identified with liquid chromatography-tandem mass spectrometry (LC-MS/MS). Both studies demonstrated the utility of Nanodiscs as a platform for interactomics.
Although previous studies have measured the interaction of a heterogeneous soluble protein pool with homogenous Nanodiscs containing a single membrane protein species, it is possible to reverse the experiment to measure the interaction of a single homogenous soluble ligand with a heterogeneous Nanodiscsolubilized membrane protein library (SMPL). In such an experiment, Nanodiscs serve as the "prey" towards immobilized ligand bait. This inversion allows isolation and identification of unknown membrane protein targets in vitro without the need for detergent buffer. However, the utility of this approach depends on the formation of SMPL Nanodiscs that faithfully reflects the membrane proteome. This report details a general protocol for optimization of SMPL formation and examines the degree to which the SMPL reflects the membrane proteome of pooled inner and outer membranes from E. coli.
Experimental methods

Materials
Lysozyme, octyl-beta-glucoside, imidazole, ampicillin, ethylenediaminetetraacetic acid (EDTA), and Amberlite XAD-2 beads were purchased from Sigma-Aldrich (St. Louis, MO). Phenylmethanesulfonyl fluoride (PMSF) was obtained from Fisher Scientific (Pittsburgh, PA). Sodium Cholate as obtained from Affymetrix (Maumee, OH). Sodium dodecyl sulfate was purchased from Bio Rad (Hercules, CA). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was obtained from Avanti Polar Lipids (Alabaster, AL).
Escherichia coli growth and membrane isolation
Library competent DH 5α E. coli cells were purchased from Invitrogen and transformed with pUC 19 control DNA plasmid. Cells were cultured in terrific broth media with 100 μg/mL ampicillin and were grown for 24 h. Cell pellets were harvested by centrifugation and frozen at −80°C. Cell pellets were resuspended in cold lysozyme buffer (75 mM Tris HCl, 0.25 M sucrose, 0.25 mM EDTA, 0.02 mg/mL lysozyme, pH 8) and pelleted again by centrifugation. Pelleted cells were resuspended in cold lysis buffer (50 mM Tris HCl, 1 mM PMSF, pH 8) and were lysed by sonicating on ice. Lysed cells were centrifuged at 2,000×g for 10 min at 4°C to remove any unbroken cells or debris. The supernatant was removed and centrifuged at 90,000×g (maximum radial centripetal force) for 1 h to harvest the cell membrane [17] . The membrane pellet was resuspended in 0.1 M phosphate buffer, pH 7.7, and flash frozen. The concentration of membrane proteins in the resuspension was typically 2 mg/mL, as measured by a bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford, IL).
Detergent extraction of membrane proteins
Assembly of membrane proteins into Nanodiscs relies on the initial solubilization of the membrane protein in detergent. The membrane solution was centrifuged at 12,000×g for 30 min. Membranes were resuspended in an equal volume of either octyl-glucoside (OG) buffer (1 % w/v OG, 0.1 M phosphate, pH 7.7) or sodium dodecyl sulfate (SDS) buffer (0.1 % w/v SDS, 20 mM Tris, 0.1 M NaCl, 0.1 % w/v sodium azide). Membranes were thoroughly mixed and incubated at room temperature for 15 min to extract membrane proteins. Insoluble membranes were removed by centrifugation at 12000×g for 15 min. The concentration of membrane proteins in the detergent extract was measured by a BCA assay. Typically, the membrane protein concentration was 1-2 mg/mL in the detergent extract.
Nanodisc-solubilized membrane protein library preparation
Expression and purification of membrane scaffold protein (MSP) was described previously [6, 18] . MSP1E3D1, a variant of MSP with three extended helices and a polyhistidine tag, was used because this scaffold makes Nanodiscs with a 12.1 nm Stokes diameter that will accommodate large membrane proteins. This represents an upper limit on the size of membrane proteins or complexes that will be incorporated in the Nanodisc, as anything that extends more than 12 nm along the membrane will not fit inside the Nanodisc. Membrane proteins that extend less than 12 nm along the membrane may be incorporated in Nanodiscs and may extend any length perpendicular to the membrane surface, which will increase the overall Stokes diameter of the Nanodisc complex. MSP from a stock concentration of around 175 μM was added in a ratio ranging from 2 to 20 μg membrane proteins in detergent/nmol MSP. POPC in chloroform was dried under nitrogen and solvated in 0.1 M sodium cholate to 50 mM. The molar ratio of POPC/MSP was tested within the range of 40 to 130 as described below. Detergent-solubilized membrane proteins, MSP, and cholate-solubilized POPC were combined, and extra cholate was added to bring the final cholate concentration to 20 mM. This reconstitution mixture was incubated for 2 h at 4°C. Self assembly of the Nanodisc library was initiated by adding 0.5-0.8 g Amberlite XAD-2 hydrophobic beads/mL of reconstitution mixture, and the mixture was incubated overnight on an orbital shaker at 4°C. The Amberlite XAD-2 hydrophobic beads serve to remove the detergents and drive Nanodiscs assembly.
Nanodiscs were purified by immobilized metal affinity chromatography. The reconstitution mixture was removed from the hydrophobic beads and filtered through a 0.22 μm filter from Millipore (Marlborough, MA). Filtered reconstitution mixture was loaded on nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen, Valencia, CA), washed with buffer containing 15 mM imidazole, and eluted in buffer containing 500 mM imidazole. The Ni-NTA column captured Nanodiscs by the poly-histidine tag on MSP1E3D1, washing away proteins or lipids not incorporated into Nanodiscs.
Size exclusion chromatography (SEC) was performed with a calibrated Superdex HR 200 10/30 size exclusion column (Amersham-Pharmacia Biotech, Piscataway, NJ). Samples were filtered prior to analysis and injected using a 500 μL sample loop and a flow rate of 0.5 mL/min. To evaluate the optimal protein to lipid ratio, a chromatogram from lipid-only POPC Nanodiscs was aligned with chromatograms from SMPL Nanodiscs of various lipid ratios with a custom program in Mathematica 8.0.4. The sum of squared errors was calculated between the SMPL Nanodisc chromatograms and the aligned control Nanodisc chromatogram.
SDS-PAGE analysis
SDS-PAGE analysis of membrane protein libraries in Nanodiscs is complicated by the large excess of MSP in the sample. To observe the proteins in the Nanodisc library, MSP was removed by a Ni-NTA column. Samples were loaded on the column, washed with a 15 mM imidazole buffer, and eluted by adding buffer with 50 mM sodium cholate. The cholate disassembled the Nanodiscs allowing the membrane proteins to elute from the column while MSP remained bound. Membrane proteins released from the Nanodiscs, proteins from the raw membranes, and proteins from the detergent extract were prepared for SDS-PAGE using a methanol-chloroform-water precipitation to remove lipids, salts, and detergents [19] . Around 10 μg total protein was used for each precipitation. Precipitated samples were dissolved in Laemmli buffer, incubated at 70°C for 20 min, and run on Bio Rad Mini-PROTEAN TGX 12 % PAGE gels. Gels were stained with Imperial Protein Stain (Thermo Scientific) and imaged with a Molecular Dynamics Typhoon 9400 Multilaser Scanner. Multiple gels were analyzed with similar results, but data is shown for a single gel.
Image analysis of gels was performed using a custom program in Mathematica 8.0.4. Median value of the pixel intensity was calculated for each row of pixels in a lane for the region ranging from 20 to 100 kDa. Peaks in the line trace were identified using a custom continuous wavelet transform algorithm [20] . Peaks were considered overlapping if they were within 16 pixels; the total region of consideration was around 1,600 pixels.
Proteomic identification
Gel slices were excised, destained, and digested in 25 μL sequencing-grade trypsin (G-Biosciences, St. Louis, MO) at a concentration of 12.5 ng/μL with a CEM Discover microwave digester (Mathews, NC) for 15 min at 55°C. Peptides were extracted using 50 % acetonitrile with 5 % formic acid, dried, and resuspended in 13 μL of 5 % acetonitrile with 0.1 % formic acid. Ten microliters was injected for LC-MS/MS.
Mass spectrometry (MS) was performed on a Waters quadrupole time-of-flight connected to a Waters nano Acquity Ultra Performance Liquid Chromatography system. A Waters Atlantis C-18 column (0.003 mm particle, 0.075 mm by 150 mm) was used at a flow rate of 250 nL/min. Peptide elution was performed using a linear gradient of water with acetonitrile containing 0.1 % formic acid with the gradient ramping from 0-60 % acetonitrile over 1 h. Mass spectrometry utilized data-dependent acquisition with MS/MS scans being performed on the four most abundant peaks at a given time. Data analysis was performed using the Waters Lynx Global Server 2.2.5 and Mascot (Matrix Sciences). Mascot searches were performed with the NCBI NR database and the SwissProt database specifying E. coli as the organism. Both databases gave similar results. The peptide tolerance was set to 0.5 Da for both MS and MS/MS measurements. One missed trypsin site as well as variable oxidation of methionine were allowed.
Results and discussion
There are several important steps and variables to consider when preparing a Nanodisc library (see Fig. 1 for schematic). The best approach to each step will depend on the specific biological system of interest. This report outlines a generalized protocol for the formation of Nanodiscsolubilized membrane protein libraries and characterizes the method as applied to a prototype E. coli membrane system.
Isolation and detergent extraction of membrane proteins SMPL formation begins with isolated membranes. As a prototype system, we used inner and outer membranes from E. coli, which provide a well-characterized assortment of membrane proteins for establishing benchmarks for SMPL formation. The membrane protein pool is solubilized in detergent to extract proteins. The type, concentration, and molar amount of detergent will all be potentially important parameters in solubilization because any unextracted proteins will not be incorporated into Nanodiscs. A detailed investigation of detergent extraction is outside the scope of this report but may be found in several reviews [17, [21] [22] [23] [24] . In general, the best detergent system will efficiently extract the membrane proteins without denaturing them.
Two detergent systems were tested for SMPL formation, 1 % octyl-glucoside (OG) and 0.1 % sodium dodecyl sulfate (SDS). Each was used at a ratio of around 1-2 mg of membrane protein/mL detergent solution. Both detergent systems efficiently extracted membrane proteins and were compatible with Nanodisc formation as seen by SEC and SDS-PAGE analysis (data shown for OG only). Because it is impossible to analyze whether every extracted protein retains its native fold and activity, it is advisable to screen several detergents to find the best system to maintain the specific biological interaction of interest. Due to its widespread use to solubilize functional membrane proteins [24, 25] and its compatibility with SMPL formation, 1 % OG was used for the remainder of the studies.
Nanodisc formation
There are two key ratios to consider for SMPL formation. The first is the ratio of membrane protein to MSP. In general, an excess of MSP is used to drive the system towards a single protein or complex in each Nanodisc [12, 26, 27] . At higher loading ratios, the probability increases of multiple proteins randomly incorporating into a single Nanodisc. This is undesirable for most applications as it could lead to nonspecific interaction or co-localization of proteins that randomly become incorporated into the same Nanodisc complex. However, at lower ratios, the excess of empty Nanodiscs dilutes the membrane protein concentration leading to higher levels of background MSP and lipids. We evaluated a range of loadings from 2 to 20 μg membrane protein (MP)/nmol MSP. Increasing the membrane protein loading showed a shift in the SEC peak as the incorporation of membrane proteins into the Nanodiscs increased the average Stokes diameter of the particles. A ratio of 10 μg MP/nmol MSP was used for optimization of lipid/MSP ratios. At this ratio, the average Stokes diameter is 12.7 nm, 0.6 nm larger than empty Nanodiscs (Fig. 2) . Assuming an average membrane protein (MP) molecular weight of 50 kDa, the ratio, 10 μg MP/nmol MSP, will be 0.2 nmol MP/nmol MSP or 0.4 nmol MP/nmol Nanodiscs, since each Nanodisc contains two MSP molecules. Therefore, a maximum of two out of every five Nanodiscs will contain a membrane protein assuming a perfect efficiency in incorporation.
After determining the proper amount of MP and MSP, the second key ratio is the proportion of supplemental synthetic lipid to MSP. Too many lipids lead to the formation of large aggregate species. Too few lipids causes poor formation of Nanodiscs, which leads to a polydisperse size exclusion Fig. 1 Schematic of SMPL formation. Membrane proteins are extracted from the membranes with detergent and added to a mixture of MSP, lipids, and cholate. As the detergents are removed, the components self-assemble into a Nanodisc library chromatogram (Fig. 3) . For POPC, the optimal molar ratio for MSP1E3D1 Nanodiscs has been established previously as 130 POPC/MSP for Nanodiscs without membrane proteins [18] . However, the addition of detergent-solubilized lipids from the starting membrane and the displacement of lipids by the incorporated proteins lower the ratio of lipids that must be added. Thus, the optimal ratio of POPC to MSP will depend on the protein to lipid ratio in the starting membrane, the detergent extraction [28] , and the membrane protein to MSP loading ratio. Libraries were formed with a range of lipid ratios to determine the optimal value. Samples were prepared from the same detergent extract (1 % OG) with a fixed amount of membrane proteins, 10 μg MP/nmol MSP. Each sample was analyzed by SEC and compared with a control sample of lipid-only POPC Nanodiscs. To account for the shift caused by the increasing Stokes diameter, the control Nanodisc chromatogram was shifted to align the maxima. The sum of squared errors between the aligned control sample and each chromatogram showed the minimum difference and hence optimal lipid ratio at 90 POPC/MSP , about 70 % of what is required for POPConly Nanodiscs (Fig. 4) . Even at optimal lipid loading, a small shoulder is observed on a shifted Nanodisc peak (see Fig. 2 ). This may be attributed to incorporation of protein complexes with large extracellular or cytosolic domains, which significantly increase the Stokes diameter of the Nanodisc [29, 30] . In general, performing a pilot study similar to this for each new system to find the optimal ratio of lipid to MSP is advisable.
Analysis of the SMPL proteome
To evaluate the degree to which the Nanodisc library mirrored the protein content of the starting membrane proteome, delipidated protein extracts were analyzed with SDS-PAGE from the starting membranes (lane B), detergent extracts (lane C), and SMPL (lane D) as shown in Fig. 5 . To avoid interference from MSP in the SMPL sample, Nanodiscs were captured on a Ni-NTA column. Membrane proteins were eluted by disassembling the Nanodiscs with cholate, leaving MSP bound to the column. Image analysis was performed to count and compare bands between lanes. The SMPL bands overlapped with 89 % of bands in the detergent extract (25 of 28 bands) and 86 % of bands in the raw membranes (25 of 29 bands). These data demonstrate that the SMPL contains a large percentage of the proteins present in the membrane proteome. It was also observed that 93 % of bands in the detergent extract overlapped with bands in raw membranes (27 of 29 bands). This suggests that some of the proteins absent in the SMPL are lost due to incomplete detergent extraction, while others are efficiently solubilized but not efficiently inserted into Nanodiscs.
Although it is difficult to ascertain precise quantitative data from Fig. 2 Size exclusion chromatogram for control Nanodiscs (black) and purified SMPL Nanodiscs (blue) made with a loading ratio of 10 μg MP/nmol MSP and a lipid ratio of 100 POPC/MSP incorporation efficiency is significantly lower. Future studies will seek to determine the mechanism behind the quantitative differences in incorporation efficiency.
Prominent bands in the gel were excised and digested for mass spectrometric identification. Several bands were selected from the detergent and membrane lanes due to slightly higher levels of protein in those bands, which improved confidence in identification as seen in bands 4 and 5. The bands are annotated in Fig. 5 and proteomic results are given in Table 1 . Several outer membrane proteins were observed, including OmpA, OmpW, OmpC, Maltoporin, and BamA. OmpA and OmpW are both monomeric proteins while OmpC and Maltoporin form trimers in native membranes [31] . BamA is a larger outer membrane assembly factor with a significant extra-membrane domain [32] . These proteins demonstrate the successful incorporation of integral outer membrane proteins of a range of sizes.
In addition to outer membrane proteins, two inner membrane proteins were identified, the alpha subunit of ATP synthase and molecular chaperone DnaK [33] . The detection of ATP synthase is to be expected as purified ATP synthase was previously studied in Nanodiscs under similar sample preparation conditions [34] . Detection of these proteins demonstrates both the incorporation of inner membrane proteins and the incorporation of peripheral membrane proteins.
These proteomic data suggest that SMPL Nanodiscs provide a faithful model of the membrane proteome in a soluble form useful for a range of novel biochemical analyses. In addition, the utility of SMPL Nanodiscs for probing the functional characteristics of membrane proteins in heterogeneous populations is demonstrated by their recent use in incorporating membrane proteins from synapses, used for mechanistic studies of Aβ oligomer receptors and drug discovery ( [35] , manuscript in preparation).
It is important to note that the SMPL is best considered a model of the starting membrane proteome rather than an exact duplicate. We do not expect that 100 % of the proteins in the starting membrane will be functionally incorporated in the SMPL. As such, this approach could lead to false negatives and should not be used to exclude a particular protein. Other approaches to membrane protein solubilization, including detergent-based techniques, face the same a According to Fig. 5 b Accession numbers are given for SwissProt database except for band 2 which was determined using the NCBI NR database c This OmpA fragment was found in the NCBI database but was not in the SwissProt database. Results are given for the NCBI database search challenge. However, the above results show that the SMPL contains a large percentage of the protein pool and serves as a useful in vitro model of the membrane proteome.
Conclusion
Nanodisc libraries offer a novel technique for solubilizing membrane proteomes. Although the specifics for SMPL formation will depend on the system of interest, the general protocol, optimization, and analysis techniques described in this report will guide future studies. We have explored the formation of SMPL Nanodiscs from E. coli inner and outer membranes. Membrane proteins were extracted and incorporated into Nanodiscs with different loading ratios. At a relatively high loading of membrane proteins, displacement of lipids by the incorporated membrane proteins and the presence of natural lipids from the membrane in the detergent extract caused the optimal lipid to MSP molar ratio to be significantly less than is required for empty Nanodiscs. SDS-PAGE and proteomic analysis of the library suggest that the Nanodisc library faithfully reflects the starting membrane proteome.
